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We describe a unique gravitational wave signature for a class of models with a vast hierarchy between the
symmetry breaking scales. The unusual shape of the signal is a result of the overlapping contributions to the
stochastic gravitational wave background from cosmic strings produced at a high scale and a cosmological phase
transition at a low scale. We apply this idea to a simple model with gauged baryon and lepton number, in which
the high-scale breaking of lepton number is motivated by the seesaw mechanism for the neutrinos, whereas the
low scale of baryon number breaking is required by the observed dark matter relic density. The novel signature
can be searched for in upcoming gravitational wave experiments.
I. INTRODUCTION
Gravitational wave detectors opened the door to an entirely
new set of opportunities for probing unexplored avenues in
physics and astronomy. Many astrophysical discoveries have
already been made using solely the data gathered by LIGO [1]
and Virgo [2] in their initial runs. One can only imagine what
will be learned from future detectors like LISA [3], DECIGO
[4], Cosmic Explorer [5], Einstein Telescope [5] and Big Bang
Observer [6]. Interestingly, gravitational wave experiments
may not only reveal information about black hole and neutron
star mergers, but they can also provide a deep insight into the
particle physics of the early universe.
The shape of the stochastic gravitational wave background
is the key to unraveling the symmetry breaking pattern in the
first instances after the Big Bang. It enables us to explore the
physics at the very high energy scale, inaccessible directly in
any other experiment and, so far, probed only indirectly, e.g.,
via proton decay searches. Thus, a discovery of a gravitational
wave signal from the early universe would provide invaluable
insight into the UV completion of the Standard Model. The
two main sources of such gravitational waves are cosmologi-
cal phase transitions and cosmic strings.
Depending on the parameters of the scalar potential, upon
symmetry breaking at early times the universe might have
been trapped in a vacuum which became metastable as the
temperature dropped. In the presence of a potential barrier
separating this false vacuum from the true vacuum, a first or-
der phase transition would occur, nucleating bubbles of true
vacuum which expanded and populated the universe. This, in
turn, would lead to a production of gravitational waves with a
characteristic bump-like shape in the spectrum. Indeed, such
signals have been analyzed in the context of various particle
physics models (see, e.g., [7–28]).
On the other hand, symmetry breaking can also lead to the
production topological defects such as cosmic strings, as it
happens, e.g., in models with a complex scalar field charged
under a U(1) gauge group. A network of cosmic strings is
a long-lasting source of gravitational waves and gives rise to
a spectrum which, to a good approximation, is flat in a wide
range of frequencies. Such cosmic string signatures have also
been considered in many models (see, e.g., [29–39]).
For a single broken U(1) gauge group, the cosmic string
contribution is negligible in the frequency range relevant for
the gravitational wave signal of a phase transition. However,
if cosmic strings were produced by a high-scale breaking of
U(1)high, whereas the first order phase transition was trig-
gered by the breaking of a different U(1)low at a much lower
energy scale, the two contributions could end up comparable
at frequencies corresponding to the U(1)low breaking.
In this paper, we propose to look precisely for such a com-
bined signature of a phase transition and cosmic strings. This
is naturally realized in models with a seesaw mechanism, in
which the large mass of the right-handed neutrinos arises from
lepton number breaking at a scale vL ∼ 1010 − 1015 GeV.
In a certain frequency band, the resulting cosmic string sig-
nal can have a similar magnitude to that of a phase transition
happening at a scale vB ∼ 103 − 105 GeV. For a particular
realization of this scenario, we focus on a simple model with
gauged baryon and lepton number [40], where the high-scale
lepton number breaking is motivated by the seesaw mecha-
nism, whereas the low scale of baryon number breaking is
required to explain the dark matter relic abundance.
There are several reasons for gauging baryon and lepton
number, and breaking them spontaneously. In the Standard
Model, B and L are accidental global symmetries. Such
symmetries, however, cannot be fundamental in a consistent
theory of quantum gravity, unlike gauge symmetries [41].
Another motivation comes from the matter-antimatter asym-
metry of the universe, which requires baryon number to be
broken beyond the nonperturbative effects mediated by the
electroweak sphalerons. Early attempts of gauging U(1)B
and U(1)L were made in [42–46], but phenomenologically vi-
able models consistent with LHC constraints were constructed
only recently [40, 47–51], and can naturally account for the
non-observation of proton decay, small neutrino masses, dark
matter and the matter-antimatter asymmetry. This idea was
further generalized to the non-Abelian case and partially uni-
fied theories in [52–55].
Although the focus of this paper is on the model constructed
in [40], our proposed signature is much more general and can
be realized in other models with two U(1) gauge groups bro-
ken at vastly different scales, not necessarily associated with
baryon or lepton number.
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2II. GAUGING BARYON AND LEPTON NUMBER
The model we consider is based on the gauge group
SU(3)c × SU(2)L ×U(1)Y ×U(1)B ×U(1)L . (1)
The charges under U(1)B and U(1)L of the Standard Model
particles are the same as their standard B and L assignments.
The requirement of gauge anomaly cancellation implies the
existence of new fermion fields. There are many possible
choices for these extra fields, with various hypercharge and
U(1)B and U(1)L charge assignments. Since the particular
choice of the new fermions or their charges does not qualita-
tively impact our results, we consider the original set of fields
proposed in [40].
The Standard Model is extended with three families of
right-handed neutrinos νiR and the following single set of
leptobaryonic fermions,
ΨL =
(
1, 2, 12 , B1, L1
)
, ΨR =
(
1, 2, 12 , B2, L2
)
,
ηR = (1, 1, 1, B1, L1) , ηL = (1, 1, 1, B2, L2) ,
χR = (1, 1, 0, B1, L1) , χL = (1, 1, 0, B2, L2) , (2)
with the relations B2 − B1 = 3 and L2 − L1 = 3 satisfied.
We are going to assume B1 = L1 = −1 and B2 = L2 = 2.
Two new scalar fields are also introduced into the model,
ΦL = (1, 1, 0, 0,−2) , ΦB = (1, 1, 0,−3,−3) . (3)
The gauge group U(1)L is broken by the vacuum expectation
value (vev) of the field ΦL at a high scale, whereas U(1)B is
broken by the vev of ΦB at a lower scale,
〈ΦL〉 = vL√
2
, 〈ΦB〉 = vB√
2
, (4)
with a large hierarchy between them, and with respect to the
Standard Model Higgs H vev v ≈ 246 GeV,
vL  vB  v . (5)
The Lagrangian terms describing the interactions of the
new fermions with scalars are,
L ⊃ YΨ ΨLΨRΦB + Yη ηRηLΦB + Yχ χRχLΦB
+ yηRΨLHηR + yηLΨRHηL + yχRΨLHχR
+ yχLΨRHχL + yν l¯LH˜νR + YννRνRΦL + h.c. . (6)
The only fermions which couple to ΦL are the right-handed
neutrinos. Due to the large hierarchy between the symmetry
breaking scales, one can ignore the effect of terms involving
H on the fermion masses.
The scalar potential for ΦL and ΦB is given by
V (ΦL,ΦB)
= −µ2L|ΦL|2 + λL|ΦL|4 − µ2B |ΦB |2 + λB |ΦB |4 , (7)
where we have left out the possible cross terms between the
fields ΦL, ΦB and H , assuming that the corresponding coef-
ficients are small.
The Standard Model covariant derivative is extended to
Dµ = D
SM
µ + igBBµB + igLLµL . (8)
After symmetry breaking, the fieldsBµ and Lµ give rise to the
gauge bosons ZB and ZL that couple exclusively to baryons
and leptons, respectively. Their masses are
mZB = 3 gBvB , mZL = 2 gLvL . (9)
Since U(1)B and U(1)L are not unified with the Standard
Model gauge group, the gauge couplings gB and gL are free
parameters, similarly to λB , λL and the new Yukawas.
The breaking of U(1)L results in a ∆L = 2 mass term for
the right-handed neutrinos, which leads to the type I seesaw
mechanism. Assuming the Yukawa couplings yν ∼ O(10−2)
and Yν ∼ O(1), the measured neutrino mass splittings are
naturally explained if the scale of lepton number breaking is
vL ≈ 1011 GeV . (10)
The breaking of U(1)B leads to baryon number violation,
but only by three units, ∆B = 3. This implies that proton is
absolutely stable in this model. In addition, since the lowest-
dimensional baryon number violating operator appears at
dimension nineteen,
O ∼ (uRuRdReR)
3 ΦB
Λ15
, (11)
the resulting ∆B = 3 processes are highly suppressed.
Interestingly, after U(1)B and U(1)L breaking, an acciden-
tal global symmetry remains in the new sector, under which
the leptobaryons transform as
ΨL,R → eiα ΨL,R , ηL,R → eiα ηL,R ,
χL,R → eiα χL,R . (12)
This implies the stability of the lightest leptobaryon. Assum-
ing Yχ < YΨ,η , the lightest new field is χ. As a Standard
Model singlet, χ becomes a viable dark matter candidate.
If χ is indeed a dark matter particle, the cross section for
its annihilation needs to be consistent with the observed dark
matter relic density h2ΩDM = 0.12 [56]. Since the annihi-
lation proceeds via the s-channel χ χ¯ → Z∗B → q q¯, and
the mass of the gauge boson ZB depends on the symmetry
breaking scale, this introduces a non-trivial relation between
the parameters vB , gB and Yχ. As pointed out in [50], with
B1 +B2 = 1 this imposes the upper bound
gBvB . 20 TeV . (13)
In the analysis of the phase transition resulting from U(1)B
breaking in Sec. IV we adopt λB ∼ 10−2. The gravitational
wave signal is then maximized for gB ∼ 0.3. Therefore, as a
benchmark scenario we assume the parameter values,
vB = 20 TeV, gB = 0.3 , λB = 10
−2, Yχ = 0.6 , (14)
with YΨ,η slightly larger than Yχ, so that χ remains the lightest
leptobaryon. In this benchmark model MZB ∼ 20 TeV, well
beyond the LHC reach. However, a phase transition signal
associated with symmetry breaking at this scale is within the
reach of upcoming gravitational wave experiments.
3III. COSMIC STRINGS FROMU(1)L BREAKING
The spontaneously broken gauge symmetry U(1)L can lead
to gravitational wave production in two very different ways:
(1) within a very short timescale during a phase transition via
sound waves, bubble collisions and turbulence (as discussed in
Sec. IV), or (2) in a long-term process resulting from the dy-
namics of the produced cosmic strings. Since the frequencies
of the type (1) signal for a high scale vL are inaccessible via
gravitational detectors in the foreseeable future, we consider
only the cosmic string signature of U(1)L breaking, since it
extends to lower frequencies.
A. Cosmic string network
Cosmic strings may be generated during the breaking of
U(1)L through the Kibble mechanism [57]. They are topolog-
ical defects corresponding to one-dimensional field configu-
rations where the symmetry remains unbroken. The produced
cosmic string network is characterized by the string tension µ
(energy per unit length). It is related to the symmetry breaking
scale vL via [35, 58]
Gµ = 2pi
(
vL
MP
)2
, (15)
whereG is the gravitational constant,MP = 1.22×1019 GeV
is the Planck mass, and we assumed that the winding number
n = 1. Measurements of the cosmic microwave background
constrain the string tension to be Gµ . 10−7 [59].
The cosmic string network experiences two competing con-
tributions to its dynamics: stretching (due to the expansion of
the universe) and formation of string loops (when long strings
intersect and intercommute). The string loops themselves are
unstable: they oscillate and eventually decay. The combina-
tion of the two effects results in a scaling regime that consists
of a small number of Hubble-length strings and a large num-
ber of string loops [60–64]. The energy is continuously trans-
ferred from long strings to loops, and eventually to radiation
or particles, constituting a fixed fraction of the total energy
density of the universe [65].
The dominant decay channel of string loops is gravitational
radiation [66, 67]. In particular, powerful bursts of gravita-
tional waves are expected to be produced by cusps and kinks
propagating along the string loops, as well as kink-kink colli-
sions. The superposition of these bursts results in a stochastic
gravitational wave background. To calculate the correspond-
ing signal, we follow the framework adopted in [32, 35].
B. String dynamics
Let us consider a cosmic string loop created at time ti and
of length l(ti) = α ti, where α is an approximately constant
loop size parameter. We assume α = 0.1, as this provides a
good approximation for the loop size distribution determined
FIG. 1. Stochastic gravitational wave background from the cosmic
string network produced from gauged U(1)L breaking for several
choices of the scale vL.
in [29, 68]. While the loop oscillates, it emits gravitational
waves with frequencies
ν˜ =
2k
l
, where k ∈ Z+ . (16)
In the current epoch, this corresponds to ν = a(t˜)/a(t0) ν˜,
where a is the scale factor of the universe, t˜ is the emission
time and t0 denotes the time today.
The spectrum of gravitational waves emitted from a single
loop is given by [29, 68]
P
(k,n)
CS =
ΓGµ2 k−n∑∞
p=1 p
−n , (17)
where n = 43 ,
5
3 , 2 corresponds to the contribution from cusps,
kinks and kink-kink collisions, respectively, and Γ ' 50 [69].
Due to the emission of gravitational waves, the loop shrinks,
l(t˜) = α ti − ΓGµ (t˜− ti) , (18)
and decays after the time τ = α ti/(ΓGµ). Furthermore, it
was shown in [68] that onlyFα ≈ 10% of the loops contribute
to the gravitational wave signal.
The model-dependence enters through the assumption re-
garding the loop distribution function f(l, t) dl, which de-
scribes the number density of loops with an invariant length in
the range (l, l+ dl) at the cosmic time t. We adopt the frame-
work of the Velocity-Dependent One-Scale model [70–72],
which describes the evolution of a string network in terms of
only two parameters: the mean string velocity and the corre-
lation length. In the scaling solution regime, for which those
parameters become constant, one arrives at
f(l, ti) =
√
2Ceff
α t4i
δ(l − α ti) , (19)
where Ceff = 5.4 for the radiation era and Ceff = 0.39 for
matter domination [32].
4C. Gravitational wave signal
The dynamics of the cosmic string network generates the
stochastic gravitational wave background given by [32, 35]
h2ΩCS(ν) =
2h2Fα
ρc ν α2
∑
k,n
k P
(k,n)
CS
∫ t0
tF
dt˜
Ceff(ti,k)
t 4i,k
×
(
a(t˜)
a(t0)
)5(
a(ti,k)
a(t˜)
)3
Θ(ti,k − tF ) . (20)
In the expression above ρc is the critical density, Θ is the
Heaviside function, tF is the time of the cosmic string
network formation (i.e., when the energy scale of the
universe is equal to the string tension,
√
ρ(tF ) = µ [35]),
ti,k is the time of the loop production,
ti,k ≡ ti,k(t˜, ν) = 1
α
(
2k
ν
a(t˜)
a(t0)
+ ΓGµ t˜
)
, (21)
and, as before, t˜ is the time of the gravitational wave emission
and t0 is the time today. We have also assumed Gµ  α.
Following [32, 35], we consider only the contribution of the
cusps to the gravitational wave signal.
Figure 1 shows the resulting cosmic string contribution
h2ΩCS to the stochastic gravitational wave background, cal-
culated using Eq. (20), for several choices of the U(1)L break-
ing scale, and in the frequency range relevant for upcoming
gravitational wave experiments.
IV. PHASE TRANSITION FROMU(1)B BREAKING
In this section we derive the spectrum of the stochastic
gravitational wave background generated by sound waves,
bubble collisions and magnetohydrodynamic turbulence from
the first order phase transition triggered by gauged baryon
number breaking. For the sound wave contribution we adopt
a novel estimate of the suppression factor recently derived in
[73]. This weakens the signal from sound waves to such an
extent that the effect of bubble wall collisions becomes dom-
inant at lower frequencies, which is typically the case only at
higher frequencies.
A. Effective potential
The large hierarchy between the scales, as given by Eq. (5),
implies that the effective potential for the background field
φB ≡
√
2 Re(ΦB) can be considered independently from the
other background fields. The three types of contributions to
the potential are: tree-level, one-loop and finite temperature.
The tree level part is
Vtree(φB) = −1
2
λBv
2
Bφ
2
B +
1
4
λBφ
4
B , (22)
where we used the relation between the parameters satisfied
at the minimum, µB = vB
√
λB .
FIG. 2. Plot of the effective potential Veff(φB , T ) − Veff(0, T ) for
the choice of parameters in Eq. (14) and several temperatures.
The one-loop Coleman-Weinberg contribution, adopting
the cutoff regularization scheme and matching the one-loop
and tree-level minima, can be written as
V1-loop(φB) =
∑
i
ni
32pi2
{
m4i (φB)
[
log
(
mi(φB)
mi(vB)
)
− 3
4
]
+ m2i (φB)m
2
i (vB)
}
, (23)
where the sum is over all particles coupling to φB , while ni
is the number of degrees of freedom of a given particle, with
a minus sign for fermions. For the Goldstone boson χB , one
needs to replace mχB (vB) → mφB (vB). The background
field-dependent masses are
mZB (φB) = 3 gBφB , mφB (φB) = [λB(3φ
2
B − v2B)]1/2 ,
mχB (φB) = [λB(φ
2
B − v2B)]1/2, mΨ(φB) = YΨφB/
√
2 ,
mη(φB) = YηφB/
√
2 , mχ(φB) = YχφB/
√
2 . (24)
The finite temperature part of the effective potential is
Vtemp(φB , T )
=
T 4
2pi2
∑
i
ni
∫ ∞
0
dy y2 log
(
1∓ e−
√
m2i (φB)/T
2+y2
)
+
T
12pi
∑
j
n′j
{
m3j (φB)− [m2j (φB) + Πj(T )]
3
2
}
. (25)
In the expression above, the sum over i includes all particles
coupling to φB , whereas that over j includes only bosons. The
plus/minus sign corresponds to fermions/bosons. Ignoring the
terms suppressed by small λB , the thermal masses are
ΠφB (T ) = ΠχB (T ) =
9
4g
2
BT
2, ΠLZB (T ) =
14
3 g
2
BT
2, (26)
where the superscript L denotes longitudinal components.
The full effective potential is given by
Veff(φB , T ) = Vtree(φB) + V1-loop(φB) + Vtemp(φB , T ) .
(27)
It is shown in Fig. 2 for the benchmark scenario in Eq. (14).
A strong first order phase transition occurs, since there is a
barrier separating the false vacuum from the true one.
5B. Phase transition
When a patch of the universe tunnels from the false vacuum
to the true vacuum, a bubble is formed and starts expanding.
The nucleation rate of such bubbles per unit volume is [74]
Γ(T ) ∼ T 4 exp
(
−S(T )
T
)
, (28)
where the Euclidean action S(T ) is given by
S(T ) = 4pi
∫
dr r2
[
1
2
φ′b(r)
2 + Veff(φb, T )
]
(29)
and φ(r) is the solution of the expanding bubble equation with
appropriate boundary conditions,
φ′′b (r) +
2
r
φ′b(r)−
dVeff(φ, T )
dφ
∣∣∣∣
φ=φb
= 0 ,
φ′b(0) = 0 , φb(∞) = φtrue . (30)
The onset of the phase transition occurs at the nucleation tem-
perature T∗ at which Γ(T∗) ≈ H4. Using Eq. (28), this con-
dition can be rewritten as
4 log
(
MP
T∗
)
≈ S(T∗)
T∗
. (31)
A phase transition is fully described by four parameters:
the bubble wall velocity vw, the nucleation temperature T∗,
the inverse of its duration β˜,
β˜ = T∗
d
dT
(
S(T )
T
) ∣∣∣∣
T=T∗
, (32)
and the strength of the transition α,
α =
ρvac(T∗)
ρrad(T∗)
. (33)
In the expression above
ρvac(T∗) = Veff(φfalse, T∗)− Veff(φtrue, T∗)
− T∗ ∂ [Veff(φfalse, T )− Veff(φtrue, T ) ]
∂T
∣∣∣∣
T=T∗
(34)
is the energy density of the false vacuum and
ρrad(T∗) =
pi2
30
g∗(T∗)T 4∗ (35)
is the radiation energy density, with g∗(T∗) being the number
of relativistic degrees of freedom at the time of the transition.
Out of the four parameters vw, T∗, β˜, α, only the bubble
wall velocity does not depend on the shape of the effective
potential, and we will set it to vw ≈ 0.7 c (for a detailed
discussion of the possible choices see [75]). For the bench-
mark scenario in Eq. (14) the nucleation temperature is T∗ ≈
600 GeV and g∗(T∗) ≈ 107, since all degrees of freedom
beyond the Standard Model are nonrelativistic at this T∗.
FIG. 3. Stochastic gravitational wave background produced by
sounds waves, bubble collisions and turbulence during a first order
phase transition triggered by the breaking of gauged U(1)B for the
benchmark scenario in Eq. (14). The dashed line corresponds to the
signal from sound waves without the suppression factor Υ.
C. Gravitational wave signal
The sound wave contribution to the gravitational wave
spectrum is given by [76, 77]
h2Ωs(ν) ≈ (1.86× 10−5)
(
ν
νs
)3[
1 + 0.75
(
ν
νs
)2] 72
× vw
β˜
(
κs α
α+ 1
)2(
100
g∗
) 1
3
Υ , (36)
where the parameter κs (the fraction of the latent heat trans-
formed into the bulk motion of the plasma [75]) and the peak
frequency νs are
κs ≈ α
0.73 + 0.083
√
α+ α
,
νs ≈ (1.9× 10−4 Hz)
( g∗
100
) 1
6 β˜
vw
(
T∗
1 TeV
)
, (37)
and Υ is the suppression factor adopted from [73],
Υ = 1−
[
1 +
8pi
1
3√
3
vw
β˜
(
ακs
α+ 1
)− 12]− 12
. (38)
This leads to a stronger suppression of the sound wave signal
than previously estimated [78, 79], weakening it by nearly two
orders of magnitude.
The contribution to the gravitational wave spectrum arising
from bubble collisions is [77, 82, 83]
h2Ωc(ν) ≈ (1.66× 10−5)
(
ν
νc
)2.8
1 + 2.8
(
ν
νc
)3.8
×
(
v3w
1 + 2.4 v2w
)
1
β˜2
(
κc α
α+ 1
)2(
100
g∗
) 1
3
, (39)
6FIG. 4. Stochastic gravitational wave signature of the model with gauged baryon and lepton number for vB = 20 TeV and vL = 1011 GeV
(black solid line). Sensitivities of future detectors are also shown: Big Bang Observer [80] (purple), DECIGO [80] (blue), LISA (in the C1
configuration) [77] (green), Cosmic Explorer [5] (gray) and Einstein Telescope [81] (red). The dashed line denotes the contribution from the
phase transition associated with U(1)B breaking, whereas the dotted line corresponds to the cosmic string signal from U(1)L breaking.
where κc (the fraction of the latent heat deposited into the
bubble front [84]) and the peak frequency νc are
κc ≈
0.715α+ 427
√
3α
2
1 + 0.715α
, (40)
νc ≈ (10−4 Hz)
( g∗
100
)1
6
(
β˜
1.8− 0.1vw + v2w
)(
T∗
1 TeV
)
.
Finally, the contribution from turbulence is [84]
h2Ωt(ν) ≈ (3.35× 10−4)
(
ν
νt
)3(
1 + 8piνh∗
)(
1 + ννt
) 11
3
× vw
β˜
(
 κs α
α+ 1
) 3
2
(
100
g∗
) 1
3
, (41)
where we adopt  = 0.05 [77] and
h∗ = (1.7× 10−4 Hz)
( g∗
100
) 1
6
(
T∗
1 TeV
)
,
νt = 1.64
β˜
vw
h∗ . (42)
Figure 3 shows the individual contributions to the stochas-
tic gravitational wave background from U(1)B breaking that
originate from sound waves, bubble collisions and magne-
tohydrodynamic turbulence, for the benchmark scenario in
Eq. (14) and in the frequency range relevant for upcoming
gravitational wave experiments. Note that without the sup-
pression factor the signal from sound waves would be domi-
nant, but including this factor results in the sound wave and
bubble collision contributions being of similar magnitude.
V. GRAVITATIONALWAVE SIGNATURE
Figure 4 shows the combined gravitational wave signature
of the cosmic string network produced at the high scale and a
first order phase transition that occurred at the low scale. The
plot was made for the model with gauged baryon and lepton
number with vL = 1011 GeV and the parameter values as in
Eq. (14). The expected signal is flat throughout a wide range
of frequencies and contains a characteristic bump-like feature,
which distinguishes it from pure seesaw signatures.
The position of the bump depends linearly on the nucleation
temperature; for a higher U(1)B breaking scale the phase tran-
sition appears at higher frequencies. The parameter β˜ affects
both the position of the peak and its height, whereas the pa-
rameter α governs only its height; a larger β˜ corresponds
to higher frequencies and a weaker signal, whereas a larger
α implies a stronger signal. Upon implementing the theo-
retically predicted suppression of the sound wave signal, a
double-bump feature emerges from the competition between
the sound wave and bubble collision contributions.
The breadth of the signature across many frequencies
places it within the reach of nearly all upcoming gravitational
wave detectors. The high-frequency flat part of the signal
can be searched for in experiments like the Cosmic Explorer
and the Einstein Telescope, whereas the low-frequency part
including the bump feature is within the reach of LISA, the
Big Bang Explorer and DECIGO. The signal is clearly distin-
guishable from a pure cosmic string signature (shown as the
brown dotted line) and from a pure phase transition signature
(denoted by the brown dashed line).
7VI. SUMMARY
We have recently entered an extremely exciting time when
progress in particle physics may actually come from classical
gravity measurements. Gravitational wave detectors offer a
very promising probe of the early universe and may provide
information on the structure of the theory at high scales, well
above the LHC reach and inaccessible directly in any other
existing experiment. There are generally two kinds of particle
physics signatures which can be searched for via gravitational
wave measurements, and that fall within the sensitivity of
near-future gravitational wave experiments.
Signals of the first type arise from cosmic phase transitions,
and are produced abruptly by sound waves, bubble collisions
and magnetohydrodynamic turbulence. They exhibit a bump-
like shape, with the peak frequency determined by the sym-
metry breaking scale. The second class of signals comes from
the dynamics of the cosmic string network, produced during a
phase transition, but sourcing gravitational radiation through-
out a long period after its formation. Those signals are flat and
stretch out across a wide range of frequencies.
In this paper, we considered the possibility of the two types
of signals co-existing and giving rise to a new type of signa-
ture – a flat spectrum with a bump feature – which is within
the reach of upcoming gravitational wave experiments. We
pointed out that such signatures occur generically in models
with two or more gauge symmetries that are broken at vastly
separated scales. We analyzed this scenario in the context
of a model with gauged baryon and lepton number, where
the high-scale breaking of lepton number is motivated by the
seesaw mechanism for the neutrinos, whereas the breaking
of baryon number is confined to a much lower scale by the
observed dark matter relic abundance. The flat part of the
resulting spectrum is within the reach of the Cosmic Explorer
and Einstein Telescope, whereas the bump feature falls within
the sensitivity of LISA, Big Bang Observer and DECIGO.
Such a cosmic search for a combined signature of baryon
and lepton number violation is complementary to collider
efforts. An observation of the gravitational wave signal
proposed here would be a strong motivation for building
the 100 TeV collider, which could independently search for
the leptophobic gauge boson associated with baryon number
breaking. Such a discovery would also imply the necessity
of revisiting the ideas about grand unification, once again
showing that nature is full of surprises.
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